We undertook a prospective study to evaluate the accuracy of PCR of serum (aimed at the pneumococcal pneumolysin gene) at detecting pneumococcal infections in infants and children. The assay was positive for all blood and cerebrospinal fluid culture-positive samples and for 38 and 44% of patients with lobar pneumonia and acute otitis media, respectively. It was positive for 17% of healthy controls. There was a marked effect of age on the rate of positivity among healthy controls, with the highest rate (33%) being in 2-year-old children, the age group with the highest rate of nasopharyngeal (NP) carriage; the lowest rate was found among infants <2 months of age (13%) and adults ages 18 to 50 years (0%), age groups with the lowest NP pneumococcal carriage rates. Carriers of pneumococci in the nasopharynges had a higher rate of positivity than noncarriers of pneumococci in the nasopharynges for all groups. Our results suggest that although PCR of serum is a sensitive test for the detection of Streptococcus pneumoniae in sterile fluids, its high rate of positivity for healthy controls, related to NP pneumococcal carriage, might exclude it from being useful in detecting deep-seated pneumococcal infections.
Streptococcus pneumoniae is an important cause of morbidity and mortality in all societies (24) . It is a major cause of pneumonia, meningitis, sepsis, and otitis media worldwide. In addition, antibiotic resistance is an important and increasing problem and has an enormous impact on clinicians, microbiologists, drug manufacturers, and public health authorities (1, 9, 18, 27) .
Currently, the definitive diagnosis of pneumococcal infection requires the isolation of S. pneumoniae from the site of infection, demanding invasive procedures such as lung puncture, pleural fluid aspiration, and middle ear fluid (MEF) aspiration. Isolation of S. pneumoniae from a blood culture is acceptable indirect evidence of the presence of pneumococcal pneumonia. However, blood cultures are positive for only 20 to 30% of adults and Ͻ10% of children with pneumococcal pneumonia (16, 20, 21) . Other tests such as the demonstration of pneumococcal capsular antigens in urine or serum by various methods such as coagglutination and counterimmunoelectrophoresis have failed due to a lack of sensitivity and specificity, even in the presence of bacteremic infections (2, 17, 22, 30) . Even when present in blood, S. pneumoniae may be missed by culturing a single blood sample due to a low density of the pathogens, the fastidious nature of the organism, and previous administration of antibiotics (15, 31) . The antibody response to pneumococcal antigens is not routinely measured and would require paired serum specimens (17) .
The recently developed PCR for gene amplification has made it possible to detect low numbers of infectious agents or even fragments of DNA from the agents. This method has shown great promise in improving the diagnosis of infections due to various fastidious agents that cannot routinely be cultured. The PCR method has been tested for the detection of pneumococcal infections, with promising results (10, 12, 23, 26, 28, 31) .
We undertook a prospective study to evaluate the accuracy of PCR of serum for the detection of various pneumococcal infections in infants and children.
MATERIALS AND METHODS
Purification of total DNA from serum. Serum specimens (100 l) were diluted with 100 l of 0.1 M Tris-HCl (pH 8.0). The samples were heated to 80°C for 10 min. DNA was extracted with 200 l of phenol-chloroform-isoamyl alcohol (25:24:1 ratio) and then with an equal volume of chloroform. DNA was precipitated with ethanol by the addition of 2.5 volumes of cold ethanol and 10% sodium acetate (3 M) and was incubated at Ϫ70°C for 30 min. The DNA pellet was washed with ethanol and dissolved in distilled water.
Purification of total DNA from bacteria. Nine pneumococcal strains were tested. Two strains (serotypes 1 and 18C) from the American Type Culture Collection (Rockville, Md.) were given to us by M. Leinonen (Helsinki, Finland) . Seven pneumococcal strains (2 isolates of type 14 and 1 isolate each of types 1, 3, 18C, 19A, and 23F) and 19 nonpneumococcal isolates were obtained from routine clinical specimens submitted to the Soroka Medical Center Microbiology Laboratory and identified by standard laboratory methods (for details, see the legend to Fig. 1A) .
Freshly cultured bacteria were washed twice with 40 ml of sterile saline, recovered by centrifugation, and standardized to a concentration of approximately 1.5 ϫ 10 8 cells/ml. Aliquots of 1 ml of the freshly cultured bacteria were centrifuged at 10,000 ϫ g for 10 min and washed twice with phosphate-buffered saline. The pellet was suspended in a buffer containing 10 mM Tris, 0.14 M NaCl, 0.1 M sodium citrate, and 10 mM EDTA, and the mixture was incubated at 80°C for 10 min. DNA was extracted as described above for the serum specimens.
PCR amplification assay. The selection of the primers was based on the published sequence of the pneumolysin gene (29) . The pair of primers selected (5Ј-GTGATATTTCTGTAACAGCTACC and 5Ј-GAGAATTCCCTGTCTTTT CAAAG) amplified a 355-bp region of the published pneumolysin gene sequence. The PCR amplification was performed in a microprocessor-controlled incubation system (Crocodile II; Appligene Inc., Pleasanton, Calif.). The reaction mixture (volume, 50 l) contained 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 , 5 mM deoxynucleotides, 50 pmol of primers, 1.5 U of Taq DNA polymerase (Bet-Haemek, Israel), and 2 l (about 250 ng) of DNA extracted from the serum specimens. Amplification was done with 30 cycles of denaturation at 94°C, annealing at 60°C for 1 min, and synthesis at 72°C for 1 min. The pneumococcal DNA preparation was used as a positive control. Sterile distilled water or serum samples from healthy adult volunteers were used as negative controls. An 8-l sample of the completed reaction mixture was run in a 2% agarose gel stained with ethidium bromide. Amplified products were visualized and photographed under UV light.
Samples tested.
The following clinical samples were tested by the PCR assay: (i) S. pneumoniae culture-positive fluid samples from 13 patients (5 serum samples from adults, 4 serum samples from juveniles, and 4 cerebrospinal fluid [CSF] samples from juveniles), (ii) sera from 34 children with putative acute pneumococcal pneumonia, and (iii) sera from 12 infants and children with acute otitis media (AOM) with MEF and nasopharyngeal (NP) swab cultures positive for S. pneumoniae.
The control sera included the following: (i) sera from 20 infants and children with putative nonpneumococcal otitis media, including 7 patients with Haemophilus influenzae-positive MEF samples and S. pneumoniae-positive NP swabs; 2 patients with culture-negative MEF samples and S. pneumoniae-positive NP swab cultures; and 11 patients with S. pneumoniae-negative NP swab cultures (7 with H. influenzae-positive MEF samples and 4 with culture-negative MEF samples); (ii) sera from 11 infants and toddlers with acute viral upper respiratory infections (URIs) with no clinical evidence of AOM, sinusitis, or pneumonia and no suggestion of bacterial infection according to a peripheral blood count and with an S. pneumoniae-negative NP swab culture; (iii) 174 healthy infants and children enrolled in various vaccine studies; and (iv) 20 adults not exposed at home to children younger than 5 years of age.
The ages of the pediatric patients were as follows: those with bacteremia and meningitis, 10 months to 7 years; those with pneumonia, 12 to 59 months (median, 17 months); and those with AOM, 6 to 33 months (median, 11 months). The ages of the healthy pediatric controls were as follows: 2 months (n ϭ 30), 1 year (n ϭ 42), 2 years (n ϭ 30), 4 to 6 years (n ϭ 40), and 11 to 16 years (n ϭ 32). The ages of the pediatric controls with viral URIs were 7 to 24 months (median, 14 months).
NP swabs were obtained from all patients with lobar pneumonia, AOM, and URIs and from all healthy controls ages 2, 12, and 24 months.
The pediatric patients were seen at the pediatric emergency room of the Soroka University Medical Center, and all the healthy pediatric controls were seen in various Maternal Child Health Centers in the city of Beer-Sheva. All the pediatric healthy controls were part of vaccine studies, and a physician performed a clinical examination to confirm that the subjects were in good health. Blood samples were obtained from patients during the acute phase of the disease and from healthy controls during regular visits for various vaccine studies. The blood samples were obtained with sterile syringes and were processed with sterile tubes and equipment. The blood was kept refrigerated at 4°C until it was processed in the laboratory within 4 h, and the serum was separated and kept at Ϫ70°C until it was tested by PCR. Tympanocentesis procedures and bacteriologic diagnosis of otitis media are described elsewhere (3). All blood samples for culture were tested with the BACTEC 660NR system (Beckton Dickinson Diagnostic Instrument Systems, Towson, Md.). Definition and characterization of S. pneumoniae were performed as described previously (4, 5) . NP swabs for culture were obtained and processed as described previously (4, 5) .
For comparison of the NP carriage rate of healthy controls used in the present study and the NP carriage rate in the community, we used data obtained from our community and published elsewhere (5) .
All samples were tested without the technician's knowledge of the culture results or any other details about the patients.
Statistical analysis. The statistical package of Epi-Info, version 6, was used to test (i) differences in proportions (by the chi-square test or Fisher's exact test, as appropriate) and (ii) linear trends (by the chi-square test for linear trend in proportion). A P value of Ͻ0.05 was considered significant.
RESULTS
Specificity and sensitivity of PCR. The nine pneumococcal isolates gave a clear band of the expected molecular size in the PCR. The results for a representative pneumococcal strain are presented in Fig. 1 . The specificity of the PCR assay is demonstrated by its negative results for nine other organisms including closely related streptococci (Fig. 1A ). To determine the lower limit of detection of pneumococcal DNA, the sensitivity of the PCR assay was evaluated with a 10-fold dilution of the purified S. pneumoniae genomic DNA. The PCR assay was able to detect Ն10 CFU of S. pneumoniae per ml (Fig. 1B) . The PCR assay was efficient at detecting pneumococcal DNA in serum or CSF from patients with positive culture results (Fig. 1C) . Treatment with intravenous ceftriaxone given over 48 h reduced dramatically the capability of the PCR assay to detect pneumococcal DNA. The intensity of the band in the PCR with CSF, which was very high, was significantly reduced following antibiotic treatment. No pneumococcal DNA could be detected in serum 48 h after the initiation of antibiotic treatment.
PCR of clinical specimens and specimens from controls. Serum PCR was positive for all patients with pneumococcal bacteremia and pneumococcal meningitis. In the four patients with pneumococcal meningitis, CSF was also positive by PCR ( Table 1 ). The rates of positivity for patients with lobar or segmental pneumonia or AOM and healthy controls were 38, 44, and 17%, respectively (P Ͻ 0.02 for patients in all categories grouped together versus controls).
The intensity of the band in the PCR with culture-positive sera was not different from that of the band in the PCR with control sera when the control sera were positive (Fig. 2) .
When the rate of positivity among healthy controls was ex- amined in relation to age, a clear pattern could be observed:
The PCR positivity rate increased with age from ages 2 to 24 months and decreased thereafter (Fig. 3) . None of the 28 serum samples from adults was positive. The detailed PCR results for sera from patients with lobar or segmental pneumonia are presented in Table 2 . All 3 samples with positive blood culture results were positive by PCR, whereas only 10 of 27 (37%) samples with negative blood culture results but positive NP swab culture results and 1 of the 4 samples with both negative blood culture and NP culture results were positive by PCR (P Ͻ 0.03; chi-square for linear trend in proportions). In the case of AOM, this trend was not observed, and a high rate of positivity ranging from 36 to 56% was observed, regardless of the positivity of the MEF or NP swab cultures. Five of the 11 patients (45%) with viral URIs who carried S. pneumoniae in their nasopharynges had a positive PCR result for pneumococci.
A relatively high proportion (24 of 102 [24%]) of the samples from healthy subjects ages 2, 12, or 24 months were positive by PCR. Therefore, we compared healthy subjects from whom S. pneumoniae was isolated from the nasopharynges to those with negative NP swab culture results (Table 3) . PCR of serum was often positive for both NP swab culture-positive and NP swab culture-negative subjects, although a trend toward a higher rate of positivity was observed for NP swab culturepositive subjects (P ϭ 0.08).
When the results for sera from all children with positive NP swab cultures were compared to those for sera from children with negative NP swab cultures, a significantly higher rate of positivity was found among those with positive pneumococcal NP swab culture results (P ϭ 0.03) ( Table 4) .
DISCUSSION
The sensitivity and specificity of the pneumolysin PCR assay for S. pneumoniae were demonstrated by its capability to detect 10 CFU of this organism per ml and its negative results for other organisms including closely related streptococci. Antibiotic treatment for 48 h reduced the rate of detection of pneumolysin in CSF by PCR and abolished its detection in serum.
To determine the sensitivity of the test with clinical specimens, we used sera from five adults and four children with cultureproven pneumococcal bacteremia; all of these sera were positive by PCR. However, for 17% of all controls, PCR results were also positive.
A high rate of sensitivity with what could be regarded as a relatively high rate of false-positive results, as found in our study, was also demonstrated in two other studies testing the diagnostic value of PCR of blood or serum. One earlier study (26) detecting pneumolysin in adults by PCR showed that all serum samples from patients with acute pneumococcal pneumonia, confirmed by blood culture, were positive, while 6% of serum samples from healthy elderly controls were positive. Another study testing for the gene for penicillin-binding protein 2B in whole blood had a sensitivity of 80% and a specificity of 84% (31) . A possible way of overcoming the high rate of apparently false-positive results might have been the use of a lower PCR assay strength. However, this manipulation could have resulted in false-negative results, since the intensities of the positive PCR bands were similar for both serum with a positive culture result and serum from controls. The PCR method used in our study was at least as sensitive as those used in other studies (10, 25, 31) . We observed a clear association of PCR-positive sera with age: positivity increased from 13% at 2 months of age to 33% at 2 years of age and then decreased. Since PCR-positive sera were found more frequently among those with positive NP swab cultures than among those with negative cultures, we examined whether the increase in the rate of positivity by PCR with age was associated with a similar increase in the NP pneumococcal carriage rate. This was possible, since during the period of the present study we also studied the epidemiology of NP pneumococcal carriage in healthy children in our community (5), and the serum samples for PCR were obtained from infants belonging to the group from whom the epidemiologic data were obtained. Figure 4 shows clearly that the age-related rate of NP carriage of pneumococci in the community paralleled the rate of positivity of PCR of serum for our subjects. We did not study the carriage rate in older children or adults, but other studies showed that very young infants, older children, and adults are much less likely to carry S. pneumoniae in the nasopharynges than older infants and young children attending day care. Dunlap and Harvey (7) found that the rate of pneumococcal colonization of the nasopharynges at 1 year of age was about 1.2 times higher than at 4 to 5 years of age, about two times higher than that at 7 to 10 years of age, and 17 times higher than that at Ͼ25 years of age. Hendley et al. (13) found the carriage rates to be 38, 29, 9, and 19% among subjects Յ5, 6 to 12, 13 to 17, and Ն18 years of age, respectively (13).
The age effect on the positivity of serum by PCR is clinically important, since most pneumococcal infections occur in those in the age group in which the rate of colonization is highest, namely, ages 6 to 24 months. Furthermore, an increased colonization rate is detected during the seasons that are mainly associated with viral infections that can predispose the individual to systemic and mucosal pneumococcal infections (6, 11) . The colonization rates and the concentrations of pneumococci among infants and children with respiratory infections were found to be higher than those among healthy controls (8) . Thus, our higher rate of PCR-positive sera during illness might be related, at least in part, to the fact that most sera tested during illness were obtained from children belonging to the age groups in which the heaviest colonization occurs and that the diseases for which we tested (pneumonia, AOM, and URIs) occur often in winter in association with viral illnesses, factors responsible for the higher NP pneumococcal colonization rates. In this regard, a recently published article reporting a high rate of detection of otitis media pathogens, including S. pneumoniae in culture-negative MEF by PCR, should be mentioned (23) . The authors speculated that a positive PCR test result indicated the presence in MEF of viable organisms that were undetected by culture. We believe that aspiration of DNA fragments from the nasopharynx into the middle-ear cavity can serve as an alternative speculation.
Although we found a higher rate of PCR-positive sera among subjects who carried S. pneumoniae in their nasopharynges, a nonnegligible rate of PCR-positive sera was also found among subjects in whom NP pneumococcal colonization could not be demonstrated. This was not surprising, since NP swab culture is not the most sensitive method of detecting carriage of pneumococci in the nasopharynges. Other methods, such as the mouse inoculation method, are more sensitive (14) , although the latter is not used nowadays for convenience reasons. Since at any given moment a high proportion of healthy subjects and patients have positive NP pneumococcal culture results, it can be assumed that a considerable proportion of those with negative culture results either have low concentration of pneumococci or had recently had a positive culture result and may still have small quantities of circulating pneumococcal DNA which invaded the blood either directly or by phagocytosis of organisms by lymphoid cells that later circulated in the bloodstream. Further support for this speculation is provided by the fact that a systemic immune response to the serotype being carried may be seen following NP pneumococcal carriage (19) .
We conclude that the PCR assay used in our study is a sensitive method for detecting pneumococcal bacteremia, but the high rate of detection of pneumococcal DNA in healthy controls associated with NP carriage excluded the test from being useful in determining deep-seated pneumococcal infections, at least in children. 
